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Artiﬁcial scotomaThere is extensive controversy overwhether the adult visual cortex is able to reorganize following visualﬁeld loss
(scotoma) as a result of retinal or cortical lesions. Functional magnetic resonance imaging (fMRI) methods pro-
vide a useful tool to study the aggregate receptive ﬁeld properties and assess the capacity of the human visual
cortex to reorganize following injury. However, thesemethods are prone to biases near the boundaries of the sco-
toma. Retinotopic changes resembling reorganization have been observed in the early visual cortex of normal
subjects when the visual stimulus is masked to simulate retinal or cortical scotomas. It is not known how the re-
ceptive ﬁelds of higher visual areas, like hV5/MT+, are affected by partial stimulus deprivation. We measured
population receptive ﬁeld (pRF) responses in human area V5/MT+ of 5 healthy participants under full stimula-
tion and compared themwith responses obtained from the sameareawhilemasking the left superior quadrant of
the visual ﬁeld (“artiﬁcial scotoma” or AS). We found that pRF estimations in area hV5/MT+ are nonlinearly af-
fected by the AS. Speciﬁcally, pRF centers shift towards theAS,while the pRF amplitude increases and the pRF size
decreases near the AS border. The observed pRF changes do not reﬂect reorganization but reveal important prop-
erties of normal visual processing under different test-stimulus conditions.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
An important question is whether the adult visual cortex is able
to reorganize in subjects with visual ﬁeld defects (scotomas) as a result
of retinal or cortical lesions. Studies in subjects suffering from mac-
ular degeneration or retinal lesions produced controversial results
(Kaas et al., 1990; Heinen and Skavenski, 1991; Chino et al., 1992,
1995; Gilbert and Wiesel, 1992; DeAngelis et al., 1995; Schmid et al.,
1996; Murakami et al., 1997; Horton and Hocking, 1998; Calford et al.,
1999; Sunness et al., 2004; Baker et al., 2005, 2008; Smirnakis et al.,
2005; Giannikopoulos and Eysel, 2006; Masuda et al., 2008;itute for Biological Cybernetics,
te for Biological Cybernetics,
e of Medicine, Department of
TX, 77030, USA.
g.de (A. Papanikolaou),
kis@cns.bcm.edu
. This is an open access article underSchumacher et al., 2008; Dilks et al., 2009; Wandell and Smirnakis,
2009; Baseler et al., 2011). Similarly, studies on subjects with lesions
of the primary visual cortex or the optic radiation remain incon-
clusive (Eysel and Schmidt-Kastner, 1991; Eysel and Schweigart,
1999; Eysel et al., 1999; Rumpel et al., 2000; Mittmann and Eysel,
2001; Barmashenko et al., 2003; Zepeda et al., 2003; Dilks et al., 2007;
Yan et al., 2012; Imbrosci et al., 2013; Papanikolaou et al., 2014).
Interestingly, changes in the retinotopic maps of the early visual
cortex have been observed even in normal subjects after masking the
visual stimulus to simulate retinal or cortical scotomas. In particular,
when the stimulus was masked to simulate a foveal scotoma, popula-
tion receptive ﬁelds (pRFs) representing the scotoma shifted in loca-
tions outside the scotoma border and increased in size (Baseler et al.,
2011; Haak et al., 2012a). It was suggested that these pRF changes
were due to a combination of the position and size scatter of individual
receptive ﬁelds within a voxel inﬂuenced by modulatory feedback sig-
nals from extrastriate visual areas (Haak et al., 2012a). However, a re-
cent study suggests that the observed pRF changes are an artifact of
the analysismethod and that pRF biases can be eliminated if themasked
stimulus is incorporated in the model when estimating the pRF (Bindathe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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sure that changes in the retinotopic organization observed in patients
are not simply an artifact of model estimation in the context of incom-
plete stimulus presentation (artiﬁcial scotoma).
In addition, presenting a truncated visual stimulus, as is typically
done in the artiﬁcial scotoma, can have nonlinear effects that canmodify
receptive ﬁeld location and size estimates in individual neurons. This is
expected to be especially prominent for receptive ﬁelds in higher areas,
which cover a large portion of the visual ﬁeld. Area V5/MT+ is of partic-
ular interest as it has been shown to bemodulated by visual stimuli pre-
sented inside the scotoma following lesions of the primary visual cortex
(V1) (Bruce et al., 1986; Rodman et al., 1989, 1990; Maunsell et al.,
1990; Girard et al., 1992; Barbur et al., 1993; ffytche et al., 1996; Rosa
et al., 2000; Schoenfeld et al., 2002; Morland et al., 2004; Bridge et al.,
2010; Schmid et al., 2010) and has been associated with the phenome-
non of subconscious visual perception, called “blindsight” (Poppel
et al., 1973; Weiskrantz et al., 1974). Visual ﬁeld maps and popula-
tion receptive ﬁeld sizes have been recently characterized for the
human hV5/MT+ complex in normals (Amano et al., 2009). Howev-
er, it is not known how these are affected by partial stimulus
presentation.
Here we used a newmethod, which estimates the population recep-
tive ﬁeld (pRF) topography in the visual cortex with minimal bias (Lee
et al., 2013) to measure pRF changes that occur in area hV5/MT+ of
ﬁve healthy subjects after masking the stimulus in the left upper quad-
rant of the visualﬁeld (“artiﬁcial scotoma” or AS). This simulates a hom-
onymous quadrantanopic scotoma that occurs often as result of partial
V1 or optic radiation lesions. We compared responses obtained under
the AS condition with simulations obtained from a linear AS model (or
LAS model). The LAS model simulates the pRFs under the AS condition
based on the actual pRFs derived under the full stimulus condition
(pRFFF) assuming that the only effect of the AS is that it does not stimu-
late the corresponding part of the pRF. This provides a prediction of the
expected position and shape of the residual pRFs under the AS. In other
words, the LAS model provides an estimation of the pRF changes ex-
pected to occur as a result of the truncated stimulus assuming that the
pRF linearly integrates the AS (pRFLAS). We found pRF changes in hV5/
MT+ under the AS condition (pRFAS) that are signiﬁcantly different
than those obtained with the LAS model suggesting that the pRFs are
nonlinearly affected by the truncated stimulus presented. In particular,
pRFAS centers shift towards theborder of theAS, the pRFAS amplitude in-
creases and the pRFAS size decreases near the border of the AS. In addi-
tion, we found signiﬁcant errors in pRF estimation which extend inside
the AS when estimating the pRF topography using the full stimulus in-
stead of the masked stimulus. These erroneous estimates are not due
simply to a methodological artifact, but are the result a signiﬁcant
BOLD spread that occurs inside the AS during the presentation of the
truncated stimulus. It is important to understand the changes that
occur in order to be able to separate them from true reorganization.
We undertake this task below.
Materials and methods
Subjects
Five healthy subjects (S1-S5, 22–65 years old, 1 female) were re-
cruited. All subjects had normal or corrected-to-normal visual acuity.
The experiments were approved by the Ethical Committee of the Med-
ical Faculty of the University of Tuebingen.
Data acquisition and preprocessing
Functional and structural MRI experiments were performed at the
Max Planck Institute for Biological Cybernetics, Tuebingen, Germany
using a 3.0 Tesla high-speed echo-planar imaging device (Trio, Siemens
Ltd., Erlargen, Germany) with a quadrature head coil. At least two T1-weighted anatomical volumes were acquired for each subject with a
three-dimensional magnetization prepared rapid acquisition gradient
echo (T1 MPRAGE scan) and averaged following alignment to increase
signal to noise ratio (matrix size = 256 × 256, voxel size = 1 × 1 × 1
mm3, 176 partitions, ﬂip angle = 9°, repetition time [TR] = 1900 ms,
echo time [TE] = 2.26ms, TI= 900ms). Blood oxygen level dependent
(BOLD) image volumeswere acquired using gradient echo sequences of
28 contiguous 3 mm-thick slices covering the entire brain (repetition
time [TR] = 2000 ms, echo time [TE] = 40 ms, matrix size = 64 × 64,
voxel size = 3 × 3 × 3 mm3, ﬂip angle = 90°).
At least 5 functional scans were acquired for each subject,
consisting of 195 image volumes, the ﬁrst 3 of which were discarded.
The functional images were corrected for motion in between and
within scans (Nestares and Heeger, 2000). The functional images
were aligned to the high-resolution anatomical volume using a mu-
tual information method (Maes et al., 1997) where the resampled
time series values in the volume are spatially interpolated relative
to the nearest functional voxels. All subsequent analysis was per-
formed in the interpolated data. However, we took care that this
does not affect the retinotopic maps obtained and the statistical
comparisons that are performed, because the interpolation method
we used does not distort the generated time series and the compar-
isons we made were between different groups of subjects rather
than between different numbers of voxels. Preprocessing steps
were performed in MATLAB using the mrVista toolbox (http://
white.stanford.edu/software/).
Stimuli
Full ﬁeld stimulus
Subjects were presented with moving square-checkerboard bars
(100% contrast) through MRI compatible digital goggles (VisuaStim,
Resonance Technology Company, Inc., Northridge, CA, USA; 30° hori-
zontal and 22.5° vertical ﬁeld of view, 800×600 resolution, min
luminance = 0.3 cd/m2 and max luminance = 12.2 cd/m2). The stimu-
lus was presented within a circular aperture with a radius of 11.25°
around the ﬁxation point. The bar width was 1.875° and travelled se-
quentially in 8 different directions, moving by a step half of its size
(0.9375°) every image volume acquisition (TR = 2 seconds). Stimuli
were generated using Psychtoolbox (Brainard, 1997) and an open tool-
box (VISTADISP) in MATLAB (The Mathworks, Inc.). The subjects’ task
was to ﬁxate a small dot in the center of the screen (radius: 0.0375°; 2
pixels) and respond to the color change by pressing a button. The
color was changing randomly with a frequency of one every 6.25 sec-
onds. An infrared eye tracker was used to record eye movements inside
the scanner (iView XTM, SensoMotoric Instruments GmbH) (Fig. S4).
For two of the subjects (S4-S5) the eye movements under the full ﬁeld
stimulus presentation were not recorded due to technical problems.
However, they performed a challenging detection task at ﬁxation and
their performance was always N95% correct.
AS-stimulus
Subjects were asked to participate for a second session duringwhich
an isoluminant mask was placed in the left superior quadrant of the
visual ﬁeld, simulating a left upper quadrantanopia (“artiﬁcial scotoma”
or AS). All other stimulus' parameters stayed the same. Eyemovements
were recorded for all subjects under the AS stimulus presentation
(Fig. S4B).
Population receptive ﬁeld topography
We used a recent method developed by Lee and colleagues which
estimates the population receptive ﬁeld (pRF) topography in the visual
cortex (Lee et al., 2013). The pRF structure pi at voxel i is represented by
a set of weights which predicts the BOLD signal di(t) at voxel i and time
t, using the stimulus protocol s(t) and the hemodynamic response
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ed by solving a linear model based on ridge regression with a bias: Ji =
∥ yi− K+pi+ ∥ 2 + λ1 ∥ pi ∥ 2 where K+ = [K 1M × 1], pi+ = [pi α], α is a
constant value to account for the bias and λ1 is a free parameter to con-
trol the extent to which the least-square function is regularized. The
regularization parameter λ1 is selected after cross validation between
different scans for each subject.
PRF topography estimateswhen subjectswere scannedunder the AS
stimulationwere derived in twoways. First, we used the actual AS stim-
ulus as stimulus protocol to predict the BOLD signal. In this case, the lack
of stimulus forces the topography weights to be ~0 within the AS area.
Using the AS stimulus in themodel is a goodway to represent complete
deprivation of input and allows to make more accurate predictions of
the pRFs outside of the AS. Second, we examined the effects of using
the full ﬁeld stimulus as stimulus protocol to model pRFs under the AS
condition. A summary of the different methodologies used to derive
the pRF topography under different stimulation paradigms is presented
in Fig. 1.
In contrast to direct-ﬁt methods (Dumoulin andWandell, 2008), the
method we use does not assume a priori the pRF shape and thus is
useful for studies of reorganization where the actual pRF shape
cannot be anticipated. We retained only those voxels in the visual
area, for which the topography explained more than 12% of the
variance. This threshold was set after measuring the mean ex-
plained variance in a non-visually responsive area (6% ± 2%) and
setting the value of the threshold at 3 standard deviations above
the mean.HRF: h(t)
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Wecompared actual pRF topography estimates derivedwhen the AS
is applied to linear expectations arising by the lack of stimulation inside
the AS region. To do this, we developed a model that predicts the pRF
topography under the AS condition based on the pRF topography esti-
mated under the full stimulus condition (Fig. 1B). Brieﬂy, the pRF topog-
raphy of each voxel with variance explained above 12%, as estimated
under full stimulation, is convolved with the AS stimulus. In this way
the part of the pRF overlappingwith the AS area is omitted. The product
of the convolution is used to re-estimate the topography. The regulari-
zation parameter used to estimate the AS-prediction topography was
set to be ¾ of the regularization parameter under the full stimulus con-
dition because the stimulus space under the AS is ¾ of the stimulus
space under full stimulation (Poppel et al., 1973). Using a regularization
parameter same as in the full ﬁeld stimulus condition did not affect the
results presented here.
PRF center, size and amplitude estimates
Because pRFs near the border of the ASmay not have a circular shape
we could not ﬁt a Gaussian model to get an estimate of the pRF center
and size. Instead we used the topography directly to get eccentricity
and polar angle values corresponding to the center of the pRF as well
as an estimate of the pRF size.
To do so, the pRF topography of each visually responsive voxel is
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e pRF linearly integrates the AS stimulus. The generated BOLD signal is then used to re-
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pRF. This thresholdwas selected after calculating the average amplitude
(0.3 ± 0.1) in non-visually responsive areas (i.e. areas of the far ipsilat-
eral visual ﬁeld) and setting the value of the threshold at 1 standard de-
viation above the mean. This was calculated by averaging the pRF
topography amplitude in visual ﬁeld locations with eccentricity greater
than 7° in the ipsilateral visual ﬁeld of V1, where the stimulus can pro-
duce no response. If there are more than one disconnected peaks of ac-
tivity in the topography, then we keep only the one that covers the
largest area in the topography. This way small peaks of activity that
may be the result of noise are discarded. The thresholded topography
is then converted to a binary image by replacing all values above thresh-
old to value 1 and all other pixels with value 0. The pRF center is esti-
mated by ﬁnding the center of mass of the binary image (centroid of
all pixels with value 1). This gives us the corresponding elevation and
azimuth coordinates which can also be translated to the respective ec-
centricity and polar angle. We also calculated the center of mass of the
original image and conﬁrmed that binarizing does not affect the results.
The pRF size is estimated as the area of the topography that lies
above the 0.4 threshold. That is the number of pixels with value 1 in
the binary image calculated as described above. This gives us an esti-
mate of the area of the visual ﬁeld that activates the corresponding
voxel. Using different thresholds to estimate the pRF does not change
the main results presented in this paper.
The pRF amplitude of each voxel is estimated as the peak amplitude
of the pRF topography before normalization.
Visual ﬁeld coverage maps
The visual ﬁeld coveragemaps deﬁne the locations within the visual
ﬁeld that evoke a signiﬁcant response from voxels within a region of
interest (ROI) in the cortex. To estimate this we plot at each visual
ﬁeld location the maximum value between all pRF topographies that
cover this location (color map). The pRF topography of each voxel is
normalized, thresholded and all peaks of noise are discarded as de-
scribed above. Using different thresholds for the pRF does not change
the conclusions presented in the paper (Fig. S1). The pRF centers (esti-
mated from the pRF topography as described above) across all voxels
within the ROI are overlaid as grey dots.
Deconvolution of the BOLD signal
Adeconvolutionmethodwas applied to the BOLD time series of each
voxel in order to estimate the actual response of the voxel as the stimu-
lus is presented at each visual ﬁeld location. To do so, the BOLD time se-
ries of each voxel was averaged across scans to reduce the signal to
noise ratio. The averaged signal was further smoothed using locally
weighted linear regression (lowess method in MATLAB) in order to
avoid outliers that can be ampliﬁed after deconvolution. Then a Fast
Fourier transform deconvolution is applied to extract the hemodynamic
response function from the data.
The baseline was calculated for each voxel as the average BOLD
signal change over 5 steps of the bar when the horizontal bar was
located between 7–10° in the hemiﬁeld ipsilateral to our ROI.
After deconvolution and removal of the baseline, the BOLD time se-
ries is averaged over all voxels in the ROI and plotted as a function of
the bar location.
Signiﬁcance tests
A two-sample Kolmogorov-Smirnov test was performed in order to
compare the pRF center location and size distributions between the AS
condition and the LAS model. The signiﬁcance level selected to reject
the NULL hypothesis (same distributions) was estimated by comparing
the distribution of each subject with the average distribution for each
condition. The minimum p-value of these comparisons was then usedto test for signiﬁcance between the mean distribution of the AS condi-
tion and the LAS model. We note that this is a conservative choice,
and may suppress the identiﬁcation of small differences.
Direct-ﬁt pRF method
To compare with prior literature, we also derived pRF estimates
using a direct-ﬁt pRF method (Dumoulin and Wandell, 2008). In this
case, the implementation of the pRF model is a circularly symmetric
Gaussian receptive ﬁeld in visual space, whose center and radius are es-
timated by ﬁtting the BOLD signal responses to estimated responses
elicited by convolving the model with the moving bar stimuli. We esti-
mated visual ﬁeld coverage maps by plotting the pRF centers across all
voxels within each area (grey dots, Fig. 8a) and the relative pRF size
by ﬁtting a 2D Gaussian with peak amplitude normalized to one. The
color map is estimated by plotting at each visual ﬁeld location the max-
imum normalized pRF amplitude between all Gaussian shaped pRFs
that cover this location.
Results
pRF changes in the hemisphere contralateral to the artiﬁcial scotoma
We measured pRF responses in right area hV5/MT+ of 5 subjects
under full stimulation and after masking the left superior quadrant of
the visual ﬁeld (“artiﬁcial scotoma” or AS), thereby simulating a left
upper quadrantanopia (methods).
Changes in the size and phase maps of activated area hV5/MT+
We measured visual responsiveness in area hV5/MT+ by the num-
ber of voxels whose pRF topography explains above 12% of the variance
in the BOLD data. This threshold was set after calculating the mean
explained variance in regions of interest that correspond to non-
visually responsive voxels (6%, standard deviation 2%) and setting it at
3 standard deviations above the mean. Using this criterion, we found
that only ~12% of voxels become unresponsive when the AS is applied.
The mean size of area hV5/MT+ under the full stimulus condition is
1379± 156mm2 (mean± standard error of themean, N= 5 subjects)
and decreases slightly under the AS condition to 1202± 144mm2. This
is in contrast to area V1, whose visually responsive area is reduced by
approximately 36% in the presence of the AS (2250 ± 356 mm2 under
the full stimulus condition versus 1420 ± 88 mm2 under the AS condi-
tion). Since voxels in area hV5/MT+ have considerably larger pRF size
than voxels in area V1 (Smith et al., 2001), more hV5/MT+ voxels can
be activated by parts of the stimulus that fall outside the AS area, partial-
ly explaining this disparity. A signature of this is a shift of hV5/MT+
voxel pRF centers to reﬂect locations outside the AS. Accordingly, the
angular map shows that a relatively small number of voxels (16%)
with centers inside the superior visual ﬁeld quadrant (e.g. inside the
AS) become unresponsive after the AS stimulus is applied (Fig. 3A.b;
magenta). The remaining voxels (84%) shift their pRF centers towards
the blue color that corresponds to the lower visual ﬁeld quadrant
(Fig. 3A.b). PRF location shifts outside of the AS are expected if we as-
sume we are mapping the residual part of the pRFs that falls outside
of the AS.
To differentiate between pRF changes that are expected as a result of
stimulating only a part of the receptive ﬁeld versus unexpected pRF
changes under the AS condition, we compared pRF responses obtained
under the AS condition with estimates obtained from a model which
simulates the pRF topography expected under the AS condition based
on the actual pRF topography derived under the full stimulus condition.
To do so, the topography of each voxel in hV5/MT+ as estimated under
the full stimulus condition is convolved with the AS stimulus. This way,
the part of the pRFFFwhich overlapswith the AS is omitted and does not
contribute in the estimation. The output of the convolution is then used
as data set to re-estimate the pRF topography (Fig. 1B). The new
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This results in a prediction of the expected position and shape of the re-
sidual pRFs under the assumption that the only effect of the AS is that it
does not stimulate the corresponding part of the pRF topography (as de-
rived by the full ﬁeld stimulus). This pRF estimate is referred to as the
Linear Artiﬁcial Scotoma model or “LAS” (Fig. 1B; see methods), and is
denoted pRFLAS. We used the AS stimulus paradigm to estimate the
pRF topography for both data derived from the LAS model (Fig. 1B;
pRFLAS) and from the actual AS stimulation condition (Fig. 1C; pRFAS).
We reasoned that using the AS stimulus in the model is a good way to
represent complete deprivation of input as in the normal subjects
with AS stimuluswe use here or patientswith retinal lesions. The effects
of using the full-ﬁeld stimulus in the model are presented in a later
section.
As expected, the LAS model properly captures the residual part of a
pRFFFwhich lies outside theAS (Fig. 2B). The part of the pRFwhich over-
laps with the AS is omitted resulting in a decrease of the pRFLAS size and
a shift of the pRFLAS center away from the AS (red dashed circle; Fig. 2B
bottom). We would expect to see the same pRF changes under the AS
condition assuming that the pRF linearly integrates the AS. However,
pRFs estimated under the AS condition (pRFAS) appear to be smaller in
size and shift closer to the border of the AS (light purple dashed circle;
Fig. 2C bottom) compared with the predictions of the LAS model
(pRFLAS), suggesting that the truncated stimulus exerts a nonlinear
effect.
Topography and coverage maps
We examined how all pRFs in hV5/MT+ cover the visual ﬁeld under
the different stimulation conditions by plotting the visual ﬁeld coverage
maps fromall hV5/MT+voxels (Amano et al., 2009). Thesemaps are es-
timated by deriving appropriately normalized pRFs from the topogra-
phy of each voxel (Fig. S1B) and plotting the maximum pRF amplitude
at each visual ﬁeld location of all the pRFs that cover this location
(methods). No activity is predicted in the upper visual ﬁeld quadrant
where the AS is placed for both the LAS model and the AS stimulationFF stimulus LAS
Voxel 
Topography
Voxel 
pRF
6.7
10
6.7
10
a b
Fig. 2. pRF topographies of a voxel in right hV5/MT+ partly covered by the AS. Top row: (A) pR
pRF covers locations both in the left upper and lower quadrants. (B) pRF topography of the same
pRFFF, the part of the pRF falling within the AS area is omitted by convolving the pRFFF with the
theAS stimulus at this case, deriving thepRFLAS. In this case only of the part of the pRFwhich falls
under the AS condition, assuming linearity. (C) pRF topography of the same voxel under the A
model (pRFLAS). The pRFAS topography seems to have shifted towards the AS-border. Bottom ro
conditions after thresholding at 0.4 of themaximumvalue. By thresholdingwe derive only the c
red, and light purple circles indicate the visual ﬁeld area covered by the pRF under the full ﬁeld s
not represent model ﬁts but they are manually drawn for illustration purposes.condition, since the lack of stimulus forces the topography weights to
be ~0 in that area (Fig. 3B.b,c top). Area hV5/MT+ under the LAS
model covers the lower visual ﬁeld quadrant as expected (Fig. 3B.b).
The visual ﬁeld coverage of hV5/MT+under the AS-stimulus condition,
however, shows a clustering of pRF centers near the border of the AS
(Fig. 3B.c). This results from the fact that pRF centers under the AS con-
dition appear to be smaller in size and shift closer to the border of the AS
as shown by the topography of individual voxels (Fig. 2 and Fig. S1A–B).
In addition, visualﬁeld locations in the inferior quadrant, away of the AS
border, appear to be less well covered by the contralateral hV5/MT+
(Fig. 3B.c top, Fig. S1.C–D) relative to the prediction of the LAS model
(Fig. 3B.b top, Fig. S1.C–D) as a result of the pRF location shift and the re-
duction in the pRF size. This also contrastswith the complete visual ﬁeld
coverage of the inferior quadrant seen in the contralateral area V1
(Fig. 3B.c_bottom) suggesting that the observed effect is the result of
post-V1 processing. The shift in pRF center location under the AS condi-
tion is mainly observed for pRFs in hV5/MT+ that are partly covered by
the AS and suggests a nonlinear effect of the truncated stimulus inmod-
ulating the pRF of these voxels. PRFs in area V1 are generally smaller
than pRFs in area hV5/MT+ and thus less affected by the truncated
stimulus.
PRF center location and size shifts
To summarize theﬁndings for all subjectswe compared thedistribu-
tion of pRFAS center elevation (distance from the horizontal meridian)
for subjects under the AS condition with the expected pRFLAS center el-
evation distribution based on the LASmodel, in the hV5/MT+contralat-
eral to AS hemisphere. As expected pRF centers that belong to the
superior visual ﬁeld quadrant (elevation N0) under full stimulation,
shift their location towards the lower visual ﬁeld quadrant both in the
case of the AS condition and the LAS model (elevation b0, Fig. 4A
right). This shift, however, is signiﬁcantly different for the AS condition
with pRFAS centers clustering near the AS border (elevation = 0, gray
bars) compared to the expected distribution based on the LAS model
(white bars, Fig. 4A right; p = 10−87 b 10−51, Kolmogorov-Smirnov0
0.5
1
 model AS stimulus
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10
6.7
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6.7
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c
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1
F topography of one voxel in hV5/MT+ under the full ﬁeld stimulus condition (pRFFF). The
voxel under the LASmodel (pRFLAS). In brief, from the topography of the fullﬁeld stimulus
AS stimulus. The result of the convolution is then used to re-estimate the topography using
outside of theAS area ismapped. This gives us an estimate of the expected pRF topography
S condition (pRFAS). The pRFAS looks different than it would be expected based on the LAS
w: The pRF topographies of the same voxel are presented under the different stimulation
entral area of the pRF, useful for estimating the pRF center location and pRF size. The black,
timulus condition, under the LASmodel and under the AS condition respectively. These do
181A. Papanikolaou et al. / NeuroImage 120 (2015) 176–190test, signiﬁcance is reported as p=a b b,where b is the value selected to
reject the NULL hypothesis; see methods). PRF centers that belong in
the inferior visual ﬁeld quadrant (elevation b0) under full stimulation
also shift their location towards the AS-border when the AS is applied
(Fig. 4A left). Note the greater clustering of pRFAS centers near the AS-
border (elevation=0) for theAS condition (gray bars, Fig. 4A left) com-
pared to the LAS model (white bars). The distributions are signiﬁcantly
different (p ≈ 0 b 10−27). For both quadrants, the differences were
signiﬁcant not only for the aggregate distributions but also for each in-
dividual subject (Table S1). Note that there is no signiﬁcant difference
in thepRF center elevation distribution of the inferior quadrant between
the pRFs derived under the full bar stimulation and after applying theb. Polar Angle c.
A
B
0 2
a. Stimulus
hV5/MT+
TO1 TO2
Full Field (FF)
a. FF Stimulus b. LA
Right hV5/MT+
Right V1
6.7
10
6.7
10LAS model (Fig. S3b, p = 10−19 N 10−32) suggesting that the observed
differences under the AS condition are not the result of a methodologi-
cal error.
In addition, we observed a large decrease in pRF size in the presence
of the AS. PRFs in the superior quadrant had amean pRF size decrease of
44± 2.3% (mean± standard error of themean, N= 5 subjects), signif-
icantly larger than the expected pRF size decrease based on the LAS
model (27 ± 1.9%, Fig. 4B right; p = 10−4, two sample t-test). PRFs in
the inferior quadrant also had a decrease in pRF size of 35± 5.4% signif-
icantly larger than the smaller decrease expected from the LAS model
(14 ± 2%, Fig. 4B left; p = 10−3, two sample t-test). A signiﬁcant dif-
ference was observed between the mean of the pRF size distribution0 0.1 0.2 0.3 0.4 0.5
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182 A. Papanikolaou et al. / NeuroImage 120 (2015) 176–190under the AS condition versus the LASmodel, both for pRFs in the supe-
rior (p = 10−135 b 10−8, Kolmogorov-Smirnov test) and inferior
(p≈ 0 b 10−32) quadrants (Fig. S3c).
The change in location and size of the pRFs under the AS condition
was also associated with an increase of pRF amplitude near the AS-
border. We measured the peak amplitude of the pRF topography as
a function of distance from the AS-border averaged over all 5 subjects.
We found that the pRF amplitude is signiﬁcantly increased under
the AS condition near the AS-border and within 1° from it compared
with both the LAS model and the full stimulus condition (p =
10−3 b 10−2 at 1° elevation while p = 0.32 N 10−2 at 3° elevation,
two sample t-test; Fig. 4C left). The increase occurs across the whole
range of eccentricities for the pRFs that are within 1° from AS-border
(Fig. 4C right).
The differences between the LASmodel and the AS condition cannot
be explained by eyemovements. Subjectswere able tomaintainﬁxation
within 1.5° radius from the center of ﬁxation for scans both under the
full ﬁeld stimulus condition and under the AS stimulus condition except
for very occasional excursions beyond this range (Fig. 5A). The results
remain unchanged after removing from the analysis the epochs where
the subjects had eye deviations (N1.5°) from the ﬁxation point. In addi-
tion, a pRF shift towards a speciﬁc direction in the visual ﬁeld (AS bor-
der), would require systematic eye movements towards the opposite
direction. However, the distributions of eye position with respect to
the azimuth and elevation of the visualﬁeld are similar for both sessions
under the full stimulus condition (LAS model) and under the AS condi-
tion (Fig. 5B) suggesting that even small deviations from the ﬁxation
point cannot explain the observed ﬁndings (Kolmogorov-Smirnov
test, p = 0.55 for the azimuth distributions and p = 0.77 for the eleva-
tion distributions).
In summary, we observed a shift of the pRF centers towards the AS-
border when the stimulus is excluded from the upper left quadrant of
the visual ﬁeld (AS-condition). The shift was associated with a relative
increase in pRF amplitude near the AS-border and a decrease in pRF
size. This suggests that using a truncated stimulus can reveal nonlinear
aspects of receptive ﬁeld summation that could be mistaken for reorga-
nization in the appropriate context.
pRF changes in the hemisphere ipsilateral to the artiﬁcial scotoma
Visual deprivation of one quadrant in the visual ﬁeldmay potentially
induce changes in the location, shape and amplitude of pRFs in the ipsi-
lateral hV5/MT+ that have ipsilateral or bilateral responses. We found
that 12 ± 7% (mean± standard error of themean, N= 5) of voxels be-
come unresponsive in the ipsilateral (left) hemisphere under the AS
condition (stimulus exclusion from the left upper visual ﬁeld quadrant).
Themean size of area hV5/MT+ in the left hemisphere was found to be
1360± 236mm2 (mean± standard error of themean, N=5 subjects),
falling to 1151 ± 159mm2 under the AS condition. As expected, the vi-
sual ﬁeld coverage maps of area hV5/MT+ of the left hemisphere, bothFig. 3. Retinotopy and visual ﬁeld coveragemaps of area hV5/MT+. (A.a) A snapshot of the stim
artiﬁcial scotoma (AS) is placed on the upper left quadrant (bottom).White arrows (top) indicat
Polar angle (b), eccentricity (c) and variance explained (d) maps overlaid on the inﬂated right
condition (bottom). Angular and eccentricity color maps indicate the visual ﬁeld angle and ecc
icantly activated voxels (explained variance N12%) of area hV5/MT+under the full stimulus co
could be identiﬁed as described in (Amano et al., 2009) and are shown here on the angular map
MT+ with voxels devoted to the superior visual ﬁeld quadrant (magenta color on the angular
larger fraction of pRFs with blue/cyan color, corresponding to the lower visual ﬁeld quadrant, a
dition (red arrow). This suggests that, as expected, under the AS condition some pRFs shift thei
erage maps of area hV5/MT+ (top) from a subject (S1) under the full stimulus condition (a) un
maximum pRF amplitude of the topography (after appropriately thresholding and normalizing
centers across all voxels within the area of interest are overlaid as gray dots. The visual ﬁeld cov
tralateral hemiﬁeld. The visual ﬁeld coverage of hV5/MT+ under the AS stimulus condition (c
coverage expected based on the LAS model (b) or the visual ﬁeld coverage of V1 (c bottom). Th
of hV5/MT+voxels, leading to pRF proﬁles that concentrate near the AS border. Visual ﬁeld cov
of area V1 under the full stimulus condition (a) under the LAS model (b) and under the AS con
derived under the AS stimulus condition and after applying the LAS model in area V1 (Fig. S3a)
cause of the smaller V1 receptive ﬁeld size.under full ﬁeld stimulation or under the LAS model, span the contralat-
eral hemiﬁeld (Fig. 6A). Surprisingly, the visual ﬁeld coverage under the
AS condition showed a displacement of the pRF centers towards the su-
perior quadrant (dots in Fig. 6A right). The displacement occurredmain-
ly for pRF centers originally located in the inferior quadrant (Fig. 6B left).
The average distribution of pRF center elevation shows a signiﬁcant shift
of the pRF centers towards the superior quadrant (elevation N 0) under
the AS condition (Fig. 6B; p≈ 0 b 10−20). The effect was also signiﬁcant
for each individual subject (Table S1). No signiﬁcant shift was observed
for the average elevation distribution of pRFs originally located in the su-
perior quadrant (Fig. 6B right; p= 10−20 N 10−21). However, there was
a signiﬁcant shift in the pRF center azimuth (distance from the vertical
meridian) distributions towards the vertical meridian (azimuth = 0)
for both the inferior (p = 10−244 b 10−56) and superior quadrants
(p = 10−199 b 10−32; Fig. 6C) suggesting that the pRF centers of both
the superior and inferior quadrants in ipsilateral hV5/MT+shift their lo-
cation towards the vertical border of the scotoma.
There was a signiﬁcant decrease in pRFAS size of ~28% in both quad-
rants (28 ± 5% for the superior quadrant and 27 ± 5% for the inferior
quadrant, p = 10−5, two sample t-test; Fig. 6D) compared to the rela-
tively small decrease expected from the LASmodel (4.8± 6% for the su-
perior quadrant and 1.3 ± 2% for the inferior quadrant).
Furthermore, we observed a signiﬁcantly increased pRF ampli-
tude under the AS condition for pRFs in the superior quadrant (p =
10−3 b 10−2 at 1° elevation, two sample t-test; Fig. 6E left). PRFs
under the AS scotoma in the inferior quadrant had a pRF amplitude sim-
ilar to the full stimulus condition (p = 0.3 N 10−2 at −2° elevation;
Fig. 6E left). The increase in the superior quadrant occurred mainly for
pRFs near the vertical meridian which is the vertical border of the AS
and within 1° from AS (Fig. 6E right) similar to the increase observed
in the horizontal border of the AS in the contralateral hV5/MT+
(Fig. 4C left). The mean amplitude of AS pRFs at 1° azimuth was sig-
niﬁcantly larger compared with the full ﬁeld stimulus pRFs (p =
10−3 b 10−2; Fig. 6E right). PRFs away from the AS vertical border did
not have a signiﬁcant increase in the pRF amplitude (p = 0.48 N 10−2
at −4° azimuth; Fig. 6E right). This suggests that pRFs in ipsilateral
hV5/MT+ are also subject to nonlinear inﬂuences from the truncated
stimulus even though it is presented in the ipsilateral hemiﬁeld.
In summary, the results so far demonstrate a displacement of pRF
center location of voxels in area hV5/MT+ when an AS is used in the
upper left quadrant of the visual ﬁeld. The observed displacement is to-
wards the AS border compared to LASmodel prediction, suggesting that
signiﬁcant nonlinearities inﬂuence the pRF estimation when using the
truncated stimulus. A further signature of these nonlinearities is an in-
crease in pRF amplitude observed near the horizontal border of the AS
(Fig. 4C left). PRF center shifts are not restricted to the hemisphere con-
tralateral to the AS, but are also observed in the hemisphere ipsilateral
to the AS. In this case, pRFs shift towards the quadrant contralateral to
the AS (right superior quadrant), and the pRF amplitude increases par-
ticularly near the vertical meridian (vertical border of the AS). Themoreulus for the vertical bar excursion under the full ﬁeld (FF) stimulation (top) andwhen and
e the bar direction ofmotion andblack dotted lines (bottom) the location of theAS. (A.b-d)
occipito-temporal region of a subject under the full stimulus condition (top) versus the AS
entricity of the center of the pRF topography respectively, at each cortical location. Signif-
ndition are selected and overlaid on themaps as a black-bordered ROI. Areas TO1 and TO2
s. We use the whole area hV5/MT+ for the subsequent analysis. A small part of area hV5/
map; A.b top) become unresponsive under the AS stimulation condition (A.b bottom). A
re observed on the angular map under the AS condition compared to the full stimulus con-
r locations to the lower quadrant where stimulus is present. (B) Top: Visual ﬁeld (VF) cov-
der the LAS model (b) and under the actual AS condition (c). The color map indicates the
, see methods) at each visual ﬁeld location of all the pRFs that cover this location. The pRF
erage of right hV5/MT+ under the full stimulus condition (top left) largely covers the con-
) shows a clustering of pRF centers near the border of the AS. Note that it differs from the
is suggests that the truncated stimulus has a nonlinear effect in modulating the response
eragemaps of the remaining subjects are shown in Fig. S2. Bottom: the visual ﬁeld coverage
dition (c) is shown for comparison. We found no signiﬁcant difference between the pRFs
. Nonlinear effects of the truncated stimulus are less prominent (not seen) here, likely be-
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Fig. 4. PRF location, size and amplitude changes in contralateral hV5/MT+under the AS stimulus condition. (A) Average distributions of the pRF center elevation from voxels in hV5/MT+
of 5 subjects under the AS condition (gray bars) and under the LASmodel (white bars). The voxels are divided into two groups according to their pRF center location as estimated from the
fullﬁeld stimulus condition, one for pRFs in the inferior quadrant (left) and one for pRFs at the superior quadrant (right). PRFs originally located in the left superior quadrant (where the AS
is applied; see right panel) shift towards the lower quadrant (negative values) in both the LAS model and the AS stimulus condition. The shift observed for the pRF centers under the AS
condition however is smaller than expected based on the LAS model and seems to cluster more near the AS-border (elevation = 0). PRFs with centers in the inferior quadrant also shift
their location towards the AS-border in the presence of theAS, in contrast to the LASmodel (left panel). Themean distributions are signiﬁcantly different for pRFs both in the superior (p=
10−50 b 10−44) and inferior (p= 0 b 10−31) quadrants. Themean and standard error of themean of each distribution is indicated on top of the graphswith gray color for the AS stimulus
and black color for the LASmodel. (B) Average distributions of the percent change in pRF size for the LAS model (white bars) versus the AS stimulus condition (gray bars). The change in
pRF size is calculated as the difference between the pRF size under the AS condition (or under the LAS model) and the pRF size of the same voxels under the full stimulus condition, nor-
malized by the pRF size under the full stimulus condition (seemethods).When the AS is appliedwe have a signiﬁcantly larger decrease in pRF size than expected based on the LASmodel.
This is true for voxelswith pRF centers in either the superior (AS; right panel) or inferior (left panel) quadrants. (C) Left:AveragepRF topography amplitude in the right (contralateral to the
scotoma) hV5/MT+ of 5 subjects under the full stimulus (FF) condition (black), the LAS model (blue) and the AS condition (red) as a function of distance from the AS-border (pRF ele-
vation, left panel). The pRF amplitude is largerwithin one degree from the AS-border when the AS is applied compared with the LASmodel and the full stimulus condition. Right: Average
pRF topography amplitude of voxels in the right hV5/MT+with pRF centers locatedwithin 1 degree from theAS-border (−1–0° elevation), as a function of eccentricity. ThepRF amplitude
is larger across thewhole range of eccentricities in theAS-condition (red) comparedwith the LASmodel (blue) and the full stimulus condition (black). For all graphs, the error bars indicate
the standard error of the mean across subjects (N = 5).
183A. Papanikolaou et al. / NeuroImage 120 (2015) 176–190striking ﬁnding is a signiﬁcant decrease in average pRF size observed in
area hV5/MT+of both hemispheres. Notably pRF size under the AS con-
dition is signiﬁcantly smaller than the pRF size expected from the LAS
model, further supporting the inﬂuence of nonlinear interactions in
pRF estimation when using the truncated stimulus.
Biases in pRF estimation depend on the stimulus condition used for
modeling
For all aforementioned results, our method uses the AS stimulus to
estimate the pRF topography under the AS condition (Fig. 1C). As a re-
sult, pRFweights outside the stimulus space, i.e. inside the AS area, can-
not be estimated. This is appropriate for studies of normal subjects with
AS stimuli like here as well as in studies of patients with dense retinal
lesions since the input never reaches the brain. However, a question in
studies of patients with visual cortical lesions is whether activity arisesfrom the interior of the visual ﬁeld scotoma. Typically, retinotopic map-
ping in patients is performed using a full stimulus (bar, wedge or ring),
which overlaps the area of the scotoma (Dilks et al., 2007; Baseler et al.,
2011; Papanikolaou et al., 2014). In this case, modeling both sets of
responses using the full stimulus condition might be more appropriate
for comparing patients and AS subjects. Thus we also examined wheth-
er pRF biases occur in subjects stimulated with the AS stimulus when
their pRF topographies are modeled using the full stimulus (Fig. 1D).
As expected, we found no pRF centers within the AS area when we
used the full stimulus to estimate the pRFs from the data generated by
the LAS model (Fig. 7A, left). However, the visual ﬁeld coverage maps
of the right hV5/MT+ under the AS condition cover most of the area
of the AS itself (Fig. 7A, right). PRFs lie well within the area of the AS,
well beyond the eye movements’ range (Fig. 5). In patients, such pRFs
could be erroneously interpreted as arising from stimuli presented in
the interior of the scotoma. However, in the case of normal subjects
Elevation (deg)
Fr
ac
tio
n 
of
 e
ye
 p
os
itio
ns
1.5 2
0
0.05
0.1
0.15
0.2
0.25
0.3
Azimuth (deg)
Fr
ac
tio
n 
of
 e
ye
 tr
ac
es
-2 -1.5 -1 -0.5 0 0.5 1-2 -1. 5 -1 -0. 5 0 0.5 1 1.5 2
0
0.05
0.1
0.15
0.2
0.25
0.3
−2 −1 0 1 2
−2
−1
0
1
2
X (degrees)
Y 
(de
gre
es
)
−2 −1 0 1 2
0
500
1000
1500
−2
−1
0
1
2
0200400600800−2 −1 0 1 2
−2
−1
0
1
2
X (degrees)
Y 
(de
gre
es
)
−2 −1 0 1 2
0
500
1000
−2
−1
0
1
2
0200400600
Full bar stimulus presentation AS stimulus presentation
#3 #4
FF stimulus
AS stimulus
A
B Azimuth (X) Elevation (Y)
Fig. 5. Eye positions for different stimulus presentations. (A) Eye movements of one control subject (S1) under the full ﬁeld stimulus presentation (left) and under the AS stimulus pre-
sentation (right). Eye positions plotted at 60Hz for one whole session (6.4min). The number of eye deviations, deﬁned as excursions N1.5° from the ﬁxation point is indicated next to the
graphswith the number sign (#). The eyemovements for all subjects are shown in Fig. S4. (B) Average fraction of eye traceswith respect to the azimuth (left) and elevation (right) for the
full ﬁeld stimulus presentation (blue bars) and the AS stimulus presentation (red bars) for 3/5 control subjects. Two of the subjects (S4 and S5) were excluded as their eye movements
under the full ﬁeld stimulus presentation were not recorded. However, their eye movements were recorded under the AS assuring that the subjects were able to maintain ﬁxation
(Fig. S4B). The error bars indicate the standard error of the mean across subjects (N = 3). The distributions are not signiﬁcantly different between conditions (p = 0.55 for the azimuth
distributions and p = 0.77 for the elevation distributions) suggesting that the pRF changes seen in Fig. 4 are not the result of eye movements.
184 A. Papanikolaou et al. / NeuroImage 120 (2015) 176–190stimulated with the AS stimulus there is in fact no stimulus presented
inside the AS, and thus the observed pRF topographies are the result
of an artifact, in the sense that they do not represent the weights by
which the voxel would integrate a stimulus that falls in the AS. Our
method ﬁts well the fMRI BOLD signal (Fig. 7B) suggesting they do not
simply represent a mistake in ﬁtting. To understand how this signal
arises, we computed the average neural responses (estimated by the
deconvolved BOLD signal change) of all signiﬁcantly activated voxels
in hV5/MT+ separately for different bar directions of motion (see
Fig. 7C, methods). The BOLD signal response of each voxel was calcu-
lated as a difference from the baseline, deﬁned as the signal elicited
when the vertical bar is in the furthest part of the visual ﬁeld contra-
lateral to the scotoma (ipsilateral to the hV5/MT+ considered). This
location is expected to produce little if any activity to area hV5/MT+
contralateral to the scotoma. This procedure sets the baseline of each
voxel to zero.
When a horizontal bar is moving from the top (AS location) to the
bottom (stimulated) visual ﬁeld quadrant, the average BOLD signal in
the right hemisphere is initially at baseline (zero) as there is no stimulus
presented within the AS (blue bars, Fig. 7C). Activity greater than base-
line starts to be elicited when the bar is near 2° from the horizontal me-
ridian (AS border), commensurate with the size of the subject’s ﬁxation
eye movements. In contrast, when the horizontal bar is moving in the
opposite direction, from the bottom (stimulated) to the top (AS) visualﬁeld quadrant, the BOLD signal spreads further into the superior quad-
rant (positive elevations) where no stimulus was presented (white
bars, Fig. 7C). The BOLD signal seen within the AS in this case is likely
to be the result of increased hemodynamic spread resulting from the
fact that the bar comes from the inferior (seeing) to the superior
(blind) quadrant. This activates hV5/MT+ likely eliciting a hemody-
namic wave that persists beyond the entry of the bar to the region of
the scotoma. Similar spread occurs for other bar directions as long as
the part of the stimulus moves from lower (seeing) to higher (non-
seeing) visual ﬁeld locations. It is also possible that this effect may be
in part due to neural activity related to stimulus anticipation. However,
what argues against this is that there is minimal to no shift in the BOLD
signal proﬁle elicited in the right hV5/MT+ when the bar moves from
left to right versus right to left (Fig. S5a). In this case the bar is moving
from the contralateral (left) to the ipsilateral (right) visual ﬁeld or vice
versa, crossing different hemispheres and vascular territories, so vascu-
lar spread should not occur. In accordance to this the BOLD signal shift
should essentially disappear for the left to right bar transitions, as is
shown to happen in Fig. S5a. It is difﬁcult to imagine why this would
happen if the dominant underlying mechanism for the shift were to
be neural anticipation. The discrepancy in the BOLD time series within
the AS area for the different bar directions is in part the cause of the
pRF coverage observed within the AS when ﬁtting the data using the
full stimulus model. Note that although BOLD differences between bar
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Fig. 6. PRF location, size and amplitude changes in ipsilateral hV5/MT+under the AS condition. (A)Visualﬁeld coveragemaps of area hV5/MT+ ipsilateral to the AS (left hemisphere) for a
subject under the full ﬁeld (FF) stimulus condition (2nd column), under the LAS model (3rd column) and under the AS condition (4th column). On the left, a sketch of the visual ﬁeld in-
dicates the location of the AS (shaded gray area). The visual ﬁeld coveragemaps under full ﬁeld stimulation or under the LASmodel, span the contralateral hemiﬁeld. The visual ﬁeld cov-
erage under the AS condition on the other hand shows a relative displacement of the pRFs towards the superior quadrant, which is the quadrant opposite from the AS. (B) Average pRF
center elevation distribution fromvoxels in ipsilateral hV5/MT+of 5 subjects under theAS condition (gray bars) and under the LASmodel (white bars). As in Fig. 4A, the voxels are divided
into two groups according to their pRF center location as estimated from the full ﬁeld stimulus condition, one for pRFs in the inferior quadrant (left panel) and the other for pRFs at the
superior quadrant (right panel). Themean and standard error of themean of each distribution is indicated on top of the graphs with gray color for the AS stimulus and black color for the
LASmodel. The pRF center elevation distribution does not change signiﬁcantly in the presence of the AS for voxels in the superior quadrant (right). PRFs of the inferior quadrant, however,
shift their location towards the superior quadrant in the case of the AS condition (gray bars, left) compared with the distribution of the LAS model. (C) Same as in b for the pRF center
azimuth. The pRF center azimuth distributions signiﬁcantly shift towards the vertical meridian under the AS condition for both the inferior and superior quadrants. (D) Average percent
change of thepRF size (as described in Fig. 4B) for 5 subjects under the LASmodel (white bars) and theAS stimulus condition (gray bars) separately plotted for voxels located in the inferior
quadrant (left panel) and the superior quadrant (right panel). The pRF size of left (ipsilateral) hV5/MT+under the AS condition is decreasedmore than expected based on the LASmodel
(white bars). (E) Left: average pRF amplitude of the pRF topographies in left hV5/MT+ of 5 subjects under the full stimulus condition (black), under the LAS-prediction condition (blue)
and under the AS condition (red) as a function of pRF elevation. The pRF amplitude is larger under the AS condition for pRFs located in the superior quadrant (elevation N0). Right, average
pRF amplitude of voxels in left hV5/MT+with pRF center locations in the superior quadrant as a function of pRF azimuth. The pRF amplitude is largerwithin 1° from the vertical border of
the AS (azimuth = 0) in the AS stimulus case (red) compared with the LAS-prediction (blue) and the full stimulus condition (black). For all graphs, the error bars indicate the standard
error of the mean across subjects (N = 5).
185A. Papanikolaou et al. / NeuroImage 120 (2015) 176–190directions occur also in early visual areas with small receptive ﬁelds
(such as area V1, Fig. S5b), the effect is smaller (~2°) and affect visual
ﬁeld coverage estimates less (Fig. S5b).
Therefore, a different approach is needed for comparing responses
between patients and AS subjects when using the drifting bar stimulus.
One solutionwould be if one ﬁts the BOLD time series of each voxel sep-
arately for each bar direction and model the boundaries of the pRF by
marking the visual ﬁeld locations where the BOLD signal rises abovebaseline for each direction. This would allow us to observe directly the
spread of BOLD activity in each direction, taking into account asym-
metries that may arise.
Comparison to direct-ﬁt methods
We compared results obtained with ourmethodwith amethod that
ﬁts directly a 2-dimensional Gaussian pRF model to predict the fMRI
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stimulus for modeling the pRFs (Fig. 1D). Themap covers signiﬁcantly the area of the AS at the upper left quadrant of the visual ﬁeld under the AS condition in contrast to the LASmodel.
(B) The BOLD time series of a voxel with pRF center located well within the area of the AS (elevation = 4.27°, azimuth =−1.35°). The model predicts 36% of the variance in the data
suggesting that the pRF prediction is not a ﬁtting artifact. (C) The average BOLD signal change from all voxels in the right hV5/MT+ as a horizontal bar is moving from the top (elevation
N0; AS) to the bottom of the visual ﬁeld (elevation b0; seeing quadrant; blue bars) and vice versa (white bars). On top, a snapshot of the orientation of the bar, the direction of motion
(white arrow) and the AS location (marked with red dashed lines, for illustration purposes). Before averaging, the BOLD time series of each voxel is deconvolved to adjust for the hemo-
dynamic response function and the baseline is subtracted. The baseline is deﬁned as the signal value when the vertical bar is located in the far ipsilesional part of the visual ﬁeld, which
should produce little or no visual modulation in the region examined (see methods). This procedure sets the baseline of each voxel to zero. When the bar is moving from the top to the
bottom of the visual ﬁeld (blue bars), the average BOLD signal change when the bar is in the superior quadrant (location of the AS; elevation N0) drops to baseline values compared with
the average signal under the full ﬁeld stimulus condition. Activity starts when the bar is near 2° from the horizontal meridian (AS border), commensurate with the subject’s ﬁxation eye
movements. On the otherhand,when the barmoves from thebottom to the top of the visualﬁeld (white bars), activity spreads beyond thehorizontal border of theAS (elevation=0)well
within the superior quadrant corresponding to the AS. The error bars indicate the standard error of the mean across subjects (N = 5).
186 A. Papanikolaou et al. / NeuroImage 120 (2015) 176–190time-series (Dumoulin andWandell, 2008). This method has been pre-
viously applied to characterize pRF changes in the early visual cortex of
healthy participants with artiﬁcial scotomas (Baseler et al., 2011; Haak
et al., 2012a; Binda et al., 2013). The direct-ﬁt model can extrapolate es-
timates of the pRF that fall outside the stimulus space (i.e. inside the AS)
by applying a Gaussian ﬁt to the tail of the pRF that lies inside the stim-
ulus space (Binda et al., 2013). As a result, when the direct-ﬁt method is
used to estimate the pRFs, the visual ﬁeld coverage maps of the right
hV5/MT+ cover the area of the AS both under the LAS model and
under the AS condition (Fig. 8A). The visual ﬁeld coverage maps cover
the area of the AS whether we incorporate the AS stimulus in the
model or we use the full ﬁeld stimulus (Fig. S6A). Whether this extrap-
olation is justiﬁed is an open question. Nevertheless, even with this
method we did observe differences between the AS condition and the
LAS model. In particular, pRF centers originally located in the inferior
quadrant (under the full ﬁeld stimulus condition) shift within the AS
(superior quadrant, elevation N 0) under the AS condition compared
to pRFs estimated using the LAS model which retain their location
within the inferior quadrant as expected (Fig. 8B, left). The distributions
are signiﬁcantly different (p= 10−215 b 10−19). PRFs originally located
in the superior quadrant retain their location within the AS
(elevation N 0) for both the LAS model and the AS condition (Fig. 8B,
right). In this case, the pRF elevation distribution under theAS condition
appears to be signiﬁcantly shifted, withmore voxels lyingwithin the AS
compared to the LAS model (p = 10−51 b 10−30). In addition, the pRF
centers found within the AS have increased amplitude compared toboth the LAS model and the full ﬁeld stimulus condition (Fig. 8C).
These ﬁndings are comparable with those observed using our method
conﬁrming that the pRFs are nonlinearly affected by the truncated stim-
ulus. Contrary to ourmethod though, we did not observe a clear pattern
for the pRF size when using the direct-ﬁt method. Most pRFs under the
LAS model had no change in the pRF size compared with the full ﬁeld
stimulus condition, while some pRFs had increased size (Fig. 8D). PRFs
under the AS condition on the other hand have large variability, many
voxels showing markedly decreased or increased pRF size (Fig. 8D),
sometimes almost triple the size of the original pRF under the full ﬁeld
stimulus condition (pRF change of 180%). We have previously shown
that direct-ﬁt methods are subject to potentially large errors in extrap-
olating the pRF structure and center when it lies outside the stimulus
presentation space (Lee et al., 2013). For example, for a pRF located
near the edge of the AS, the direct-ﬁt method could potentially fail to
capture the actual pRF center and size (Fig. 8E). This is because direct-
ﬁtmethods use the visible (residual) portion of thepRF that falls outside
of the AS to extrapolate how the pRF should look like inside the AS. This
might result in a correct prediction where the pRFs under the AS condi-
tion match with those under the full ﬁeld stimulus condition, as in
(Binda et al., 2013). However, in other cases the extrapolatedpRFswith-
in theASmaydiffer from thepRFs under the fullﬁeld stimulus condition
as a result of a ﬁtting error (Fig. 8E), nonlinearity or both (Fig. S6B). Our
method only captures the portion of the pRF topography that lieswithin
the stimulus presentation space and thus results in more veridical esti-
mates in this case.
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Fig. 8. PRF changes in contralateral hV5/MT+under theAS condition using a direct-ﬁtmethod. (A) Visual ﬁeld coveragemaps of area hV5/MT+contralateral to theAS (right hemisphere)
for a subject under the full ﬁeld (FF) stimulus condition (2nd column), under the LASmodel (3rd column) and under the AS condition (4th column). On the left, a sketch of the visual ﬁeld
indicates the location of the AS (shaded gray area). The visual ﬁeld coveragemaps extend signiﬁcantlywithin the area of the AS at the upper left quadrant of the visual ﬁeld both under the
LAS model and under the AS condition. (B) Average pRF center elevation distribution from voxels in right hV5/MT+ of 5 subjects under the AS condition (gray bars) and under the LAS
model (white bars). As in Fig. 4A, the voxels are divided into two groups according to their pRF center location as estimated from the fullﬁeld stimulus condition, one for pRFs in the inferior
quadrant (left panel) and the other for pRFs at the superior quadrant (right panel). Themean and standard error of themean of each distribution is indicated on top of the graphswith gray
color for the AS stimulus and black color for the LAS model. The pRF center elevation distributions are signiﬁcantly shifted within the AS under the AS condition for both voxels in the
inferior (left) and superior quadrants (right) comparedwith the distributions of the LASmodel. (C) Average pRF amplitude of the pRFs in right hV5/MT+of 5 subjects under the full stim-
ulus condition (black), under the LASmodel (blue) and under the AS condition (red) as a function of pRF elevation. The pRF amplitude is larger under the AS condition for pRFs located in
the superior quadrant (elevation N0). (d) Average percent change of the pRF size (as described in Fig. 4B) for 5 subjects under the LAS model (white bars) and the AS stimulus condition
(gray bars) plotted for all voxels in right hV5/MT+. For all graphs, the error bars indicate the standard error of themean across subjects (N=5). (E) Schematic illustration of a pRF located
at the edge of the AS. The light gray represents the area of the AS. The red circle represents the true pRF. The black and the blue dashed lines represent different model ﬁts. The black and
blue dots denote the corresponding pRF centers. The direct-ﬁt model extrapolates estimates of the pRF that fall outside the stimulus space (inside the AS) by applying a Gaussian ﬁt to the
tail of the pRF that lies inside the stimulus space. This approach howevermay potentially result in erroneousmodel ﬁts. For example, see the black versus the blue curves in the right panel,
which both ﬁt the part of the stimulus space outside the AS verywell, but result inmarkedly different pRFs. Thesemethods are therefore prone to errors in capturing the actual pRF shape
near stimulus presentation borders (such as the border of the AS) (Lee et al., 2013), potentially resulting, for example, in an enlarged and mislocalized pRF (blue dashed line).
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Nonlinear pRF changes in hV5/MT+ under an “Artiﬁcial Scotoma”
condition
Population receptive ﬁeld (pRF) measurements provide a way to
gauge the degree of reorganization after injury in human visual areas(Baseler et al., 2011; Papanikolaou et al., 2014). Because fMRI voxels
contain more than 106 neurons (Leuba and Garey, 1989), pRF estimates
depend both on the size of individual neuron receptive ﬁelds and on
their scatterwithin each voxel.When different subsets of neuronswith-
in a voxel get activated, pRF estimates may change. For example, if only
a subset of the neuronal population is activated in the case of the
188 A. Papanikolaou et al. / NeuroImage 120 (2015) 176–190artiﬁcial scotoma, the pRF estimate will change (Baseler et al., 2011;
Haak et al., 2012a,b; Binda et al., 2013) without reﬂecting cortical
reorganization. In addition, presenting a truncated visual stimulus can
have nonlinear effects that can modify receptive ﬁeld location and size
estimates in individual neurons. It is important to understand how
such changes manifest in pRF estimation to be able to separate them
from true reorganization. Here, we measured pRF changes that occur
in area hV5/MT+ of ﬁve normal subjects after masking the stimulus
in the upper left quadrant of the visual ﬁeld (“artiﬁcial scotoma” or
AS), thereby simulating a quadrantanopic scotoma.
The results show thatmost of the pRFs in the superior quadrant (AS)
remain responsive and shift their location outside the boundaries of the
AS (inferior quadrant). One possible reason for thismight be thatwe can
only map the part of the pRF that extends outside of the AS area, where
stimulus is presented (Wandell and Smirnakis, 2009). However, this
does not appear to be thewhole story. Interestingly, pRF centers cluster
at theASborder under theAS conditionwhereas they are expected to lie
further within the inferior quadrant based on the prediction of the LAS
model (Fig. 4A). In addition, pRFs located in the inferior quadrant (out-
side the AS), which are expected to have minimal change, also shift to-
wards the AS border (Fig. 4A). This is accompanied by a signiﬁcant
reduction in the pRF size of hV5/MT+ voxels (Fig. 4B) as well as an in-
crease in the amplitude of pRFs that occurs within 1° of the horizontal
AS border (Fig. 4C). Notably, similar pRF changes were observed in the
hV5/MT+ complex of the hemisphere ipsilateral to the AS (Fig. 6), ex-
cept in this case pRF centers shift towards the vertical border of the
AS. These changes suggest that nonlinear processes contribute to the
BOLD response elicited by the truncated stimulus presented in the
case of the artiﬁcial scotoma (AS). They may for example be the result
of decreased inhibition close to the AS border resulting in dispropor-
tional increase of the pRF amplitude compared to the amplitude expect-
ed when using the full bar stimulus. Importantly, these deviations from
linearity occurring in hV5/MT+ pRF estimation under the AS condition
do not reﬂect true reorganization, but rather properties of normal visual
processing under different test-stimulus conditions.
Comparison with prior studies
Previous studies have found ectopic pRFs in locations of the early vi-
sual cortex (areas V1-V3) that correspond to the AS (Baseler et al., 2011;
Haak et al., 2012a,b). In particular, Haak et al. found that, in the presence
of a foveal artiﬁcial scotoma, pRFs at the center of the visual ﬁeld shifted
to more peripheral locations and increased in size (Haak et al., 2012a).
Here we show that a shift of pRFs originally located inside the AS to lo-
cations outside of the AS, but not an increase in pRF size, can be partially
explained by the LAS model, which models what is expected when
stimulating only the part of the pRFFF that does not fall inside the artiﬁ-
cial scotoma. However, we also show that pRF shifts under the AS con-
dition differ from shifts predicted by the LAS model suggesting that
nonlinear processes contribute to the BOLD response elicited by the
AS stimulus. In particular, pRFs cluster more at the border of the AS
and the pRF size is decreased compared to the LAS model. In addition,
we show a shift of the pRF centers originally located outside of the AS
towards the AS border and an increase in the pRF amplitude near the
AS border, which have not been previously reported.
Although these ﬁndings differ from those of Haak et al. (Haak et al.,
2012a), we note that the pRF shifts reported by Haak et al. are found
in the early visual cortex (area V1), while our results reﬂect pRF changes
in hV5/MT+. However, we have not observed pRF shifts in area V1
under the AS condition in the magnitude reported by Haak et al.
(Haak et al., 2012a). It is important to note that Haak et al. used a
direct-ﬁt method for pRF estimation, and this may be the source of a
bias near a stimulus presentation border, such as the border of AS (Lee
et al., 2013). This bias can potentially lead to signiﬁcant mislocalization
of the pRF center as well as erroneous estimation of the pRF size (see
Fig. 8 for an illustration). It is therefore possible that the pRF changes ob-
served in (Haak et al., 2012a) may reﬂect a bias as a result the pRFmethod used. The method we used here (Lee et al., 2013) is consider-
ably more robust to such a bias. Another possibility is that the differ-
ences between the study of Haak et al. and ours originate from the
fact that a different AS stimulus is used. Haak et al. used a large foveal
scotoma while we used a scotoma covering one quadrant. It is possible
that stimulating only the peripherymay affect pRF responses in the cen-
tral visualﬁeld, an effect thatmight be hidden in our case sincewe stim-
ulate both peripheral and central locations in the seeing quadrant..
Another study (Binda et al., 2013) adopted an approachmore similar
to ours, and compared responses obtained under the AS condition with
simulated responses computed using pRFs estimated from the full-ﬁeld
stimulus condition (similar to the LAS model). They found that when a
multifocal stimulus presentation is used, pRF shifts in the AS condition
can be largely predicted by the simulations. This agreeswith our estima-
tions in early visual cortex (area V1; Fig. 3B) but not in area hV5/MT+,
where we show that pRFs under the AS condition differ from pRFs ob-
tained using the LAS model. Binda et al. did not study responses in
higher visual cortex where receptive ﬁelds cover a large portion of the
visual ﬁeld and thus they are likely to be more susceptible to the pres-
ence of a truncated stimulus.
Interestingly, when using amoving bar stimulus presentation, Binda
et al. found pRF shifts under the AS condition that are different than
those obtained from the model predictions (i.e. LAS model) suggesting
that the pattern of visual stimulation (multifocal versus moving bar
stimulation) may play a critical role in the conclusions that can be
drawn. However, we do not believe that the effects we observed here
represent simply an artifact of the stimulus presentation paradigm.
First, we did not observe this effect in early visual areas. Speciﬁcally,
we saw no signiﬁcant difference between pRF estimates obtained by
LAS versus the true AS condition in area V1 under our moving bar stim-
ulation paradigm (Fig. S3a). Second, themain question is whether some
of the nonlinearities we observe may be the result of differences in he-
modynamic effects induced by the moving bar stimulus presentation in
theAS versus the LAS stimulus condition (Fig. 7). Although there is a dif-
ferential spread of the BOLD signal depending on bar stimulus direction
(see next section), this does not fully explain the ﬁndings presented
here. For example, it cannot explain the shift of the pRFs that are located
outside of the AS towards the scotoma border, nor the increase in the
pRF amplitude near the AS border. Note also that artifacts related to po-
tential hemodynamic spread inside the area of the AS areminimized by
our use of the AS-stimulus model for pRF estimation, which effectively
restricts pRF weight estimation outside the AS, in the part of the visual
ﬁeld that was actually visually stimulated.
PRF estimates in hV5/MT+ depend strongly on whether the full bar or the
truncated (AS) bar stimulus model is used for estimation
PRF estimation in the presence of an artiﬁcial scotoma represents an
important control in most studies of patients suffering from visual ﬁeld
defects (Dilks et al., 2007; Baseler et al., 2011; Papanikolaou et al., 2014).
However, it is an open question whether the appropriate stimulus
model to use for pRF estimation is a truncated bar versus a full bar stim-
ulus. We found signiﬁcant differences in hV5/MT+ pRFs estimated
when using the truncated bar (AS stimulus) versus the full bar stimulus
model. Note that in both cases the actual stimulus presentation is done
with the AS stimulus. Speciﬁcally, visual ﬁeld coveragemaps of the con-
tralateral area hV5/MT+ covered most of the AS area when pRFs were
estimated using the full bar model compared to the truncated bar
model, which showed minimal coverage (Fig. 7A versus Fig. 3B). This
has important implications regarding the interpretation of pRF topogra-
phies. In general, nonzero pRF weights that correspond to the region of
the AS should not be straightforwardly interpreted as direct pRF mea-
surements, since no visual stimulus was actually presented there. Rath-
er they represent a form of extrapolation from responses arising outside
the AS, which are subject to the assumptions underlying the pRFmodel.
To avoid the interpretation difﬁculties this entails, our analysis primarily
focused on comparing pRF weights estimated outside the AS region,
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sures that conclusions drawn are not subject to potential extrapolation
errors.
We derived pRF estimates under the full bar stimulusmodel tomake
a link with existing literature (Fig. 7). Differences in the pRF estimation
when applying two different stimulus models (full bar versus truncated
bar) to the same actual stimulation condition (AS) have been reported
before in the early visual cortex of subjects with artiﬁcial scotomas
(Binda et al., 2013). However, the reported effect was largely opposite
to what we observe here. Binda et al. report that when the full bar stim-
ulus model is used to estimate pRF location, pRFs originally inside the
artiﬁcial scotoma (AS) region shift outside the AS boundaries. On the
other hand, when the AS stimulus model is used, pRFs are foundwithin
the AS area. The difference between Binda et al. and our study can be
partially explained by the different approach we used to estimate
pRFs. Our method, uses a linear topography estimation approach to es-
timate the pRF structure (Lee et al., 2013) and, when the AS-model is
applied, it appropriately cannot cover areas outside the stimulus presen-
tation space. Binda et al. use a direct-ﬁt method, which can extrapolate
pRF weights that fall outside the stimulus space, i.e. inside the AS, by
ﬁtting the tail of the pRF that lies inside the stimulus space (Fig. 8).
This extrapolation is easier to perform when the AS-model (truncated
bar) is applied, resulting in signiﬁcant pRF coverage inside the scotoma
in this case. Our method instead yields signiﬁcant pRF coverage inside
the scotoma, when we apply the full bar stimulus condition (Fig. 7).
The lesson here is that the particular type of extrapolation accomplished
depends strongly on the pRF model used, and resulting pRF estimates
should be considered with caution, pending empirical validation.
Comparison with the direct method of pRF estimation
To ensure that the effects we report are not the result of the method
of pRF estimation we used, we repeated our analysis using the direct
method of pRF estimation (Dumoulin and Wandell, 2008) to estimate
responses in hV5/MT+. We found that our main conclusions remain
valid (Fig. 8) conﬁrming that the pRFs are nonlinearly affected by the
truncated stimulus.
We note that direct estimationmethods can lead to biased estimates
for pRFs that lie close to a stimulus presentation boundary (Lee et al.,
2013) (Fig. 8E) and should be used with caution in subjects with
sharp visual ﬁeld scotoma boundaries. For example, when we used
the direct-ﬁt method to estimate pRFs in area hV5/MT+ we found
that visual ﬁeld coverage maps covered the area of the AS, whether
we use the truncated bar (AS-model) or the full bar stimulus model
(Fig. 8A, Fig. S6A). One interpretation of these extrapolated pRF topogra-
phies that extend inside the AS is that they represent the actual pRF pro-
ﬁles that would have been obtained had the artiﬁcial scotoma not been
there (Binda et al., 2013). However, this does not occur in our case as
both the pRF center elevation and size distributions obtained under
the AS condition differ from those obtained under the full ﬁeld stimulus
condition (Fig. S6B). Since errors in parameter estimation can arise eas-
ily by extrapolatingpartial dataﬁtting of this nature (see Fig. 8E), careful
validation of results obtained is required. Here we concentrated on
modeling the part of the receptive ﬁeld that lies outside the artiﬁcial
scotoma, in order to minimize potential for error.
Directional asymmetry of the BOLD response elicited by the bar stimulus at
the border of AS
In our case, activity observedwithin the AS area appears to be in part
the result of asymmetric BOLD responses occurring when the bar stim-
ulus moves from seeing to non-seeing locations of the visual ﬁeld
(Fig. 7C). One possibility is that BOLD signal responses differ within
the AS because the brain generates an expectation of the upcoming
stimulus (Kastner et al., 1999; Ghose and Bearl, 2010) or because of
ﬁlling-in phenomena (Meng et al., 2005). Anticipation of the upcoming
stimulus may in part explain the BOLD spread within the AS area, how-
ever, it is unlikely to be the whole explanation here. Effects of stimulusexpectation should be apparent also when the bar is moving from the
contralateral to the ipsilateral visual hemiﬁeld. Although there is a
small BOLD spread when the vertical bar moves from the contralateral
to the ipsilateral visual hemiﬁeld that could be the result of anticipation
(Fig. S5a), the effect does not occur in the samemagnitude as when the
horizontal bar enters the scotoma (Fig. 7C), suggesting that the BOLD
spreadwithin the AS area is likely the result of persistent hemodynamic
activity which cannot occur across hemispheres. Moreover, the type of
stimuluswe use (moving bar truncated in the area of the AS) is not con-
ducive to ﬁlling-in phenomena (DeWeerd et al., 1998) effectively ruling
out this possibility.
Such asymmetric differences in the BOLD signal may potentially be
avoided by changing stimulus design, for example by having the bar
stimulus positions interleaved randomly rather than presented sequen-
tially, as Binda et al. suggest (Binda et al., 2013). However, the ability of
such stimuli to activate hV5/MT+ and yield reliable pRF estimates in
higher areas warrants further investigation (Binda et al., 2013). An al-
ternative approach is to calculate directly the boundaries of the pRF
from the BOLD time series of each voxel separately for each direction
of motion of the visual stimulus (bar). For example, one could identify
the visual ﬁeld location where the BOLD activity starts to rise above
baseline separately for each bar direction. In this way, hysteresis phe-
nomena also become apparent and can be taken into account or inves-
tigated as needed. This approach has some similarity to classical
receptive ﬁeld mapping methods (Hubel and Wiesel, 1962)),although
the time scales involved are of course much different.
Conclusions
We have shown that pRF estimates in area hV5/MT+ are non-
linearly affected by a truncated stimulus presented (AS) in order to sim-
ulate a quadrantanopic visual ﬁeld scotoma. This was signiﬁed by a shift
of the pRF centers towards the border of the AS, a decrease in pRF size
and an increase in pRF amplitude near the AS border. In addition, we
found erroneous pRF estimates inside the area corresponding to the
AS, when we used the full bar stimulusmodel for predicting the pRF to-
pography when the actual stimulus presented included the AS. These
biases are not the result of a trivial methodological artifact but appear
to originate from asymmetric BOLD responses occurring when the
stimulus moves from seeing to non-seeing locations of the visual ﬁeld.
We argue that these responses are not simply neural anticipatory re-
sponses but likely contain a signiﬁcant hemodynamic component.
Distinguishing pRF changes that occur as the result of true reorganiza-
tion versus different test-stimulus presentation conditions is an impor-
tant task that needs to be undertakenwhen studying the organization of
visual cortex in patients with visual ﬁeld deﬁcits. The purpose of this
work was to point out some of the issues involved.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.neuroimage.2015.06.085.
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